Abstract Adsorption isotherms and isosteric heat of adsorption of n-hexane in zeolite ITQ-29 were simulated using the Configurational Bias Monte Carlo (CBMC) technique in the grand-canonical (μV T ) ensemble and compared with experimental results published by Gribov et al. and obtained by IR spectroscopy where the fractional loadings of n-hexane in ITQ-29 are presented in units from integral intensities of the absorption bands [u.a.]. In this work we present the simulation loadings of n-hexane in ITQ-29 converted to fractional coverages and compared to the experimental results. The simulations were performed using a united atom force field. In addition, we calculated equilibrium adsorption isotherms of ethane and propane in ITQ-29 in excellent agreement with published experiments. This force field successfully reproduces adsorption properties of linear alkanes in cation-free LTA zeolite and is suitable for fast and accurate adsorption data predictions.
Introduction
The use of zeolites in catalytic and separation processes became of fundamental importance due to the savings in energy consumption and yield efficiency. Hundreds of different types of zeolites have been synthesized and tested in a wide range of processes (Breck 1984; Corma 2003) .
Recent studies on n-hexane adsorption in zeolite ITQ-29 among others were reported by Gribov et al. (2005) . Equilibrium isotherms and heats of adsorption were determined experimentally by IR spectroscopy. The loadings of hexane in ITQ-29 are presented in arbitrary units from integral intensities of the absorption bands [u.a.] . Zeolite ITQ-29 is the cation-free type of LTA framework, recently synthesized (Corma et al. 2004) .
The heats of adsorption of n-alkanes for various all-silica zeolites are well documented, either experimentally or by molecular simulation (Dubbeldam 2005; Bates et al. 1996; Gribov et al. 2005 ) and pulsed field gradient (PFG) nuclear magnetic resonance (NMR) spectroscopy was used to measure self-diffusion coefficients of propylene in ITQ-29 (Hedin et al. 2007 ). However, molecular simulation studies on adsorption isotherms of n-hexane in cation-free LTA are not found in literature, although Molecular Dynamics (MD) studies on diffusion of n-alkanes are reported (Dubbeldam 2005; Dubbeldam et al. 2005; Schüring et al. 2002) .
The objective of this work is to apply the CBMC molecular simulation technique to calculate adsorption properties of n-hexane in zeolite ITQ-29 and to compare them with those obtained by classical calculation methods based on published experimental data.
Computational model

Zeolite ITQ-29
The cation-free LTA-type structure (The Atlas of Zeolite Structure Types 2007) has a cubic space group Fm-3c with a = 24.6 Å. The crystallographic unit cell has two interconnecting, 3-dimensional channel systems, one consisting of 8 large spherical cages (named α-cages) of approximately 11.4 Å interconnected via windows of about 4.2 Å diameter and the other consisting of β-cages with average diameter of 6.6 Å alternating with the α-cages and separated by 2.2 Å openings. An n-hexane molecule does fit in the β-cages, but it is not accessible from the main α-cages through the small 2.2 Å apertures. However, the CBMC method randomly inserts a guest molecule atom by atom inside the zeolite so molecules could actually enter these cages. To prevent false higher loadings, the β-cages are artificially blocked according to the procedure outlined in Dubbeldam et al. (2005) . The zeolite framework is assumed to be rigid as the influence of zeolite framework flexibility is small in adsorption (Vlugt 2002) . In this work, a simulation box which represents the LTA framework of composition Si 192 O 384 was used and periodic boundary conditions were applied.
Simulation technique
Adsorption isotherms were calculated by using the configurational-bias Monte Carlo (CBMC) technique in the grand-canonical (μV T ) ensemble. In MC simulations, the zeolite crystals are allowed to exchange molecules with a reservoir of molecules at a fixed chemical potential. The simulations are performed in cycles and in each cycle one move is chosen at random with a fixed probability of four types of moves: molecule translation (0.15), rotation around the center of mass (0.15), exchange with the reservoir (0.55) and partial regrowth of a molecule (0.15). The number of cycles was 2 × 10 6 . For a more detailed description of this simulation technique, the reader is referred to Frenkel and Smit (2002) and Vlugt et al. (1999) .
Force field
The n-hexane molecule is described by a united-atom model, in which the CH n groups are considered as a single interaction center without charge. In the CBMC algorithm, the chain is built from a first united atom, placed at a random position. The second atom is added to the first one and a harmonic bonding potential is used for the bond length. The chain is grown segment by segment. The bond bending between three neighboring beads is modeled by a harmonic cosine bending potential and the torsional angle is controlled by a Ryckaert-Bellemans potential. The bond length is fixed (1.53 Å). The carbon-carbon and carbonzeolite interactions are described by a 12-6 Lennard-Jones potential. The interactions between different pseudo-atoms are determined by the Lorentz-Berthelot mixing rules.
The force field parameters used in this work are shown in Tables 1 and 2 . Details on the force field are found in Calero et al. (2004) and Martin and Siepmann (1998) . (Calero et al. 2004 ) 
Results
Adsorption of n-hexane in zeolite ITQ-29
From the Langmuir approach the fractional coverage of n-hexane in the adsorbed phase θ i can be calculated:
where q i = adsorbed phase concentration of n-hexane; q max = maximum adsorbed phase concentration; A i = integral intensity of the given IR band; A max = integral intensity of the same band at maximum loading; K S = sorption constant; P = pressure. Thus, simulation loadings of n-hexane in ITQ-29 can be converted to fractional coverages and compared to the experimental fractional coverages. To do so, it is necessary to determine the actual maximum integral intensities and, then, to calculate the correct fractional coverage for the experiments. The isotherm was plotted for a low pressure range and fitted by the Langmuir equation.
The values of the sorption constant, K S were directly taken from the experimental data of Gribov et al. (2005) . From such information one can apply the method described in Breck (1984) , as follows:
Rewriting (2):
The value of P /A plotted against P gives a straight line with a slope of 1/A max . Table 3 shows the calculations results: the differences between the values of A max at different temperatures are not significant.
Heats of adsorption
The Arrhenius equation:
in the form: generates a plot of ln K S (T ) versus 1/T which slope is (− H /R) and the y-intercept is ln C. The heat of sorption (− H ) at a given temperature T . Note: C is a pre-exponential factor. From the adsorption isotherms obtained by GCMC simulations, the isosteric heat of adsorption was calculated by the Clausius-Clapeyron relationship (39.7 kJ/mol), for a loading of 12 molecules per unit cell, in excellent agreement with the value of 39 kJ/mol reported by Gribov et al. (2005) . The isosteric heat of adsorption in low coverage regime (2 molecules/unit cell), obtained by the Clausius-Clapeyron relationship was found to be 34.6 kJ/mol. Additionally, heats of adsorption of n-hexane in zeolite ITQ-29 have been obtained by GCMC ensemble from combined energy/particle fluctuations (Karavias and Myers 1991) . For the simulations the total number of cycles was at least 2 × 10 6 . The calculated heats of adsorption as a function of the loading are shown in Fig. 1 . The heat of sorption of n-hexane in ITQ-29 was found to be 50.5 kJ/mol for a loading of 20 molecules per unit cell, which is in excellent agreement with the value of 52.3 kJ/mol for a similar loading of 24 molecules per unit cell, corresponding to 3 molecules/supercage, reported by Gribov et al. (2005) . It confirms that theoretically calculated heats of sorption are higher than those obtained from experimental data. However, for a loading range between 8 and 16 molecules per unit cell (1 to 2 molecules per supercage), the sorption energy is not too much dependent of the loading and the values remain among 36 and 40 kJ/mol. Table 4 shows results of enthalpy of adsorption from literature, compared with our calculations.
Hexane/ITQ-29 isotherms by molecular simulation
The experimental study was carried out for a very low pressure range. To compare the experimental fractional loadings with the simulations it is necessary to determine the maximum loading (A max ) which, as previously described, was calculated by linearization of P /A plotted against P , the slope of the resulting straight line being 1/A max .
The maximum capacity was found to be 20 molecules per unit cell by molecular simulation. Force field parameters from Calero et al. (2004) have been used. The estimated maximum capacity in units of integral intensities of the absorption bands [u.a.] were also calculated by using (1), for the same range of pressures. The results can be compared in fractional coverages and are presented in Fig. 2 . The fractional coverages for low-pressure range are shown in Fig. 3 . In order to validate our results, ethane and propane isotherms have been calculated by CBMC simulations and compared with experimental data reported by Hedin et al. (2007) . The agreement between experiments and simulations is very good, as is shown in Fig. 4 . Gribov et al. (2005) b Other values shown in Fig. 1a and b A snapshot of the equilibrium configuration of 20 adsorbed n-hexane molecules in the large α-cages of zeolite ITQ-29 is shown in Fig. 5 . At this high loading, the molecules are arranged in different ways to best fill the cavities. Shadowed parts of the snapshot represent a 3-dimensional depth cueing from the frontal plane of view. 
Conclusions
The molecular simulations results presented in this work have a good agreement with reported experimental data. The heats of adsorption obtained by molecular simulations are in very good agreement with other published results. From this, we conclude that the UA force field is applicable to be used in predictions of adsorption equilibrium properties of linear alkanes in cation-free LTA zeolite by CBMC molecular simulation.
Nomenclature
A i
Integral intensity of the given IR band A max Integral intensity of the same band at maximum loading 
